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Abstract
Neutron capture cross sections on unstable nuclei are important for many applications in nuclear
structure and astrophysics. Measuring these cross sections directly is a major challenge and often
impossible. An indirect approach for measuring these cross sections is the surrogate reaction
method, which makes it possible to relate the desired cross section to a cross section of an
alternate reaction that proceeds through the same compound nucleus. To benchmark the validity
of using the (d,py) reaction as a surrogate for (n,y), the '""'*Yb(d,py) reactions were measured
with the goal to reproduce the known [1] neutron capture cross section ratios of these nuclei.
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Introduction
Measuring neutron capture cross sections on unstable nuclei directly with radioactive targets and
neutron beam is a major challenge due to target related activity. Such measurements are
completely impossible if the half live of the target is short enough so that the background from
target activity far outweighs the y—emission from the reaction. Theoretical calculations of these
cross sections usually lack the required accuracy needed for most applications like s- and r-
process nucleosynthesis, reactor physics and stockpile stewardship science. An indirect way to
measure these cross sections is the surrogate reaction technique, where a different cross section
that proceeds through the same compound nucleus is measured. Based on the assumption that
formation and decay of the compound nucleus are independent of each other, the cross section of
a desired reaction can be expressed as a product of the cross section for the formation of the
compound nucleus and its probability to decay into the exit channel of interest. Additional to that
it has to be considered that spin and parity are conserved throughout the two step reaction, so the
product of formation cross section and decay probability has to be evaluated for each spin and

parity separately. This leads to the following equation [2,3]:

Gocx(Ex): JZG(SN(EX’J’RyXCN(Ex’J’n) (1)

Here G, is the cross section for the entrance channel o into the exit channel ¥, ¢ " stands for

a

the formation cross section of the compound nucleus from the entrance channel a and PXCN is the

decay probability into the exit channel y. The formation cross section of the compound nucleus
can usually be determined from theory using optical model parameters, whereas the decay
probability is much less understood. In a surrogate experiment one attempts therefore to produce

the same compound nucleus via a different “surrogate” reaction with the goal to measure the
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decay probabilities in the experiment. Most experiments rely on the Weisskopf-Ewing limit [4,5]
were the decay probabilities become independent of spin and parity, so that the sum over J and ©
in equation (1) is no longer necessary.

The neutron transfer reaction (d,py) has the advantage over direct neutron capture
measurements that it can be performed in inverse kinematics with radioactive ion beams and
deuterated plastic targets, as was demonstrated in Ref. [6]. A surrogate experiment using this
technique would allow the determination of cross sections on short lived species, which could
otherwise not be measured. The described experiment served as a benchmark test, to investigate
the feasibility of using (d,py) as a surrogate reaction for (n,y).

In a (d,py) surrogate experiment the y-ray decay probability of the compound nucleus is

experimentally determined via

N(d,pv)

CN
PY B eN
.p)

)

where Ny, 1s the number of proton-y coincidences, Ny, is the number of total protons detected
and ¢ is the detection efficiency of y-ray detection. The largest systematical uncertainty comes
hereby from N, due to background from (d,p) reaction on target contaminants and deuteron
breakup. It is therefore more reliable to measure to different nuclei and attempt to determine the
cross section ratio of those instead; this is called the surrogate ratio method. In this approach the

cross section ratio is given by:

(1)(E ) GCN(I)(E yCN(l)(E ) (I)N((l) ) )
(2)(E ) GCN(z)(E yCN@)(E ) (2)N(2)

(@.py)

This approximation is valid since in many cases the formation cross sections can be assumed to
be equal. The surrogate ratio method was successfully applied to fission surrogate measurements

in Ref. [7,8].
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Experimental setup

Since this was a benchmark test using stable nuclei (with known neutron capture cross sections
[1]), the experiment was performed in direct kinematics using an 18.5 MeV deuteron beam of the
88-Inch Cyclotron at Lawrence Berkeley National Laboratory. The experimental setup used the
silicon detector array STARS (Silicon Telescope Array for Reaction Studies [9]) to detect
reaction protons; coincident y—rays were detected using an array of 6 HPGe Clover detectors
[10,11], called the Livermore Berkeley Array for Collaborative Experiments (LiBerACE). The
two targets used were both self supporting metallic foils of isotopically enriched ytterbium. A
total of 4 days of beam time were used; the beam intensity varied between 2 and 3 nA.

The STARS arrangement consisted of three double-sided silicon detectors from Micron
Semiconductor, which were located downstream of the target. The detectors were in a AE-E
configuration for particle identification: the first detector (looking downstream from the target)
had a thickness of 500 um and was followed by two 1000 um thick stopping detectors (E£/ and
E2). This allows for particle identification by looking at the energy loss in the 4E detector
relative to the total particle energy (see Fig. 1). The AE and E! detectors were of the Micron S2
type, whereas the £2 was of S1 type. The S1 and S2 type detectors have a CD shaped active area
with an outer radius of 35 mm for the S2 and 48 mm for the S1. The inner radius is 11 mm for
the S2 and 24 mm for the S1 detector. The AE detector was placed 12.5 mm downstream of the
target. The E1 detector was 1 mm behind the AE, followed by the E2 detector, which was 13 mm
behind the E7 detector. This arrangement covered the forward angular range from 44° to 77°.
Each detector is separated into rings in front and wedge shaped sectors on the back side, which

allows the angle relative to the beam axis as well as the azimuthal angle to be determined. The
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S2 detectors are separated into 48 rings and 16 wedges, but due to limited channels of electronics
two neighboring rings and sectors of the £/ detector were coupled giving it effectively 24 rings
and 8 wedges. The S1 type E2 detector had 16 rings and 16 wedges. The determination of the
angles by each detector separately has the advantage that the detected particle can be ray-traced
back to the target. Between the target and the silicon detectors was placed a 4.44 mg/cm’
aluminum foil to shield the detectors from J-electrons. A target wheel was employed to switch
between targets.

The data were recorded in two different trigger modes: either a particle-y coincidence
trigger or a particle-singles trigger, which triggers on each silicon detector event alone. To
determine the surrogate cross section using the approximation from equation (3), only proton-y
coincidences are needed. Since a coincidence trigger greatly reduces the data rate, which
increases the live time of the data acquisition system, most data were recorded using this trigger.
However to verify the approximation made in equation (3) a part of the beam time was used to
record data with a particle-singles trigger. Table 1 shows the distribution of the beam time for

each target and trigger mode.

Data analysis and results
A compound nucleus produced in a neutron induced reaction is excited above the neutron
separation energy; therefore a surrogate experiment needs to provide the same excitation energy.
Since higher proton energy implies lower excitation energy, only protons with an energy low
enough not to reach the third detector are of interest. Hence the third detector was used as a veto
only. The data were analyzed on an event by event basis: first each event is calibrated; then the

addback for adjacent leaves of the clover detectors is done. Afterwards it is checked that AE and
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E1 have exactly one hit and £2 has not been hit (the above mentioned veto). Depending on the
rings hit in the two detectors only events that ray-trace back to the target position were used. The
obtained proton energy from the silicon detectors has to be corrected for energy losses in the
target, the aluminum &-electron shield and the 3000 A thick gold layer on the silicon detectors.
To convert the obtained proton energy into the excitation energy of the compound nucleus it is
transformed into the center of system, the energy of the recoiling nucleus is added and the result
is subtracted from the reaction g-value. An equivalent neutron energy is obtained by subtracting
the neutron separation energy from the excitation energy. For each equivalent neutron energy bin
a coincident y-ray spectrum is obtained. To get the number of proton-y coincidences the number
of events from a characteristic transition of the compound nucleus were used. The strongest -
line for both targets was the 4" to 2" yrast transition. The intensity of the line was estimated by
integrating the count rate over the peak area and subtracting the background based on the count
rate on both sides of the peak. Fig. 2 shows the obtained count rates for both targets. The count
rates are proportional to the decay probabilities of interest with the constant of proportionality
depending on efficiency of y-ray detection, beam current and beam time allocated for each target.
This constant can be determined from the event rate obtained from gating on events
corresponding to an excitation energy right below the neutron separation energy: below the
neutron separation energy the compound nucleus can only decay via y-emission, which implies
the probability for y-ray decay is one. This can be used to normalize the spectrum and obtain the
y-decay probabilities for both nuclei. Using these probabilities the surrogate cross section ratio
can be obtained from equation (3). The top of Fig. 3 shows the result of this by gating on the 4"
to 2" transition compared with the neutron capture cross section ratio obtained from Ref. [1],

whereas the middle part of Fig. 3 shows the result by gating on the 6 to 4" transition instead.
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The result from gating on the 4" to 2" transition is about 30% to 35% lower then the neutron
capture cross section and by gating on the 6" to 4" transition this difference increases even more
to about 45%. The difference of these two results indicates that the Weisskopf-Ewing limit does
not apply. To get more accurate results in this case, the surrogate experiment should imitate the
spin distribution of a neutron capture reaction as closely as possible. Neutron capture in the keV
region is dominated by s-wave capture and therefore favoring lower spin states in the compound
nucleus. In opposite to that, the (d,p) reaction transfers more angular momentum, and by gating
on the 6" to 4" transition the higher spin states are even more favored, which explains why the
difference to the neutron capture cross section increases even more. To select a spin distribution
closer to the neutron capture case the feeding from the 6" state was subtracted from the intensity
of the 4" to 2" line, which selectively disregards components from higher spin states. The result
of this approach is shown in the bottom of Fig. 3. Here the surrogate result is within 15% of the

neutron capture cross section ratio.

Summary and Conclusions
The (d,py) transfer reaction is a good candidate for a surrogate reaction since it can be performed
in inverse kinematics. We have carried out a benchmark experiment in order to test how well a
(d,py) surrogate experiment would reproduce neutron capture cross sections. It was shown that if
the J* mismatch is understood and corrected for, the preliminary surrogate ratio result was within

171,173

15% of the neutron capture cross section ratio for the Yb isotopes.
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1 Table 1. Beam time allocated for each target and trigger mode.

Target Trigger Beam time
"yb p-singles 5h
"yb p-y coincidences 24 h
yb p-singles 8h
"yb p-v coincidences 47 h
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1 Fig. 1. (Color Online) Energy deposited in the AE detector vs the total energy E of the particle.

2 Protons and deuterons are clearly separated.
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Fig. 3. (Color Online) Comparison of preliminary surrogate ratio results with neutron capture

cross section ratio for 3 different cases: at the top by gating on 4" to 2" yrast transition, at the

middle by gating on the 6" to 4" transition and the bottom shows all decays from the 4" state that

were not fed by the 6" state. The shown error bars include only statistical errors.
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